Powder magnetic cores are candidates for a new type of motor core. However, both their magnetic flux and their strength are less than those of laminated steel. The lesser properties are caused by a small green density. In order to increase the green density, the cores need to reduce the admixed lubricant and use high-pressure compaction. We developed a new warm compaction using die wall lubrication with lithium stearate. By using this method, a very high-density compact could be fabricated without scoring. In this instance a starting powder was Somaloy500 without resin, the powder magnetic core compacted at 1176 MPa with heat treatment at 673 K had properties as follows: 
Introduction
Powder magnetic cores (or dust cores and soft magnetic composites (SMC) 1) ) are fabricated by compacting a mixture of resin powder and magnetic particles coated with a thin insulator. These materials have the following positive points; isotropic magnetic properties, high electric resistivity and easy recycling. These properties make the materials very attractive for producing a complex shaped motor stator. [1] [2] [3] [4] [5] [6] [7] Currently, the materials are rarely used for motors because both their magnetic flux and their strength are weak. The weak magnetic flux and strength are caused by a small green density. In order to increase the green density, it needs reduction the admixed lubricant/resin and the application of high-pressure compaction. 6, 7) However, the admixed lubricant/resin is necessary to avoid scoring during compaction. Furthermore, it is understood that the addition of resin improves the strength of the powder magnetic cores. [6] [7] [8] We developed a new warm compaction using die wall lubrication (WC-DWL) with lithium stearate. 9) In this method, a very high-density compact could be fabricated without scoring, even without adding lubricant. It is important to investigate the relationship between the properties and the powder magnetic core density. We reported the properties of the high-density powder magnetic cores synthesized by the newly developed WC-DWL method. The high-density powder magnetic cores are named HDMC (High Density Magnetic Composite).
Experimental
The starting powder was Somaloy500 1) without admixed lubricant fabricated by Hoeganaes AB. Specimens were fabricated by the warm compaction of Somaloy500 using the die wall lubrication (WC-DWL) method.
9) The heating temperature of the die and powder was 423 K. The compacting pressure was in the range of 392 to 1960 MPa. The ejection force was measured with a load cell. The specimen figures were as follows: columnar (17 mm Â t17 mm, for measurement of density), ring (39 mm À 30 mm Â t5 mm, for measurement of magnetic properties), and rectangular (10 mm Â 10 mm Â 55 mm, for measurement of resistivity and strength). These specimens were heattreated at 673 K in air for 1.8 ks.
The green density was measured by the Archimedes method. The transverse rapture strength (TRS) and the bending fatigue strength ( max ) were measured by a 3-point bending test (head length: 40 mm, head speed: 90 Hz, stress ratio: R ¼ 0:1). Resistivity () was measured by a 4-point method. The magnetic properties were measured by a DC B-H curve tracer. B xk is the magnetic flux density at the magnetic field with Xk A/m. The hysteresis loss (P h ) was decided by the measurement of area of the hysteresis loop area in a DC B-H tracer. Coercivity ( b H c ) was measured by the hysteresis loop under a maximum magnetic field of 2 kA/ m. The iron loss (P c ) was measured by an AC B-H curve tracer. The eddy current loss (P e ) was calculated from below the equation, assuming no residual loss.
3. Results and Discussion Figure 1 shows the effect of the compacting pressure on the ejection force and green density when the Somaloy500 was compacted using the WC-DWL method. The green density increased with the increase in the compacting pressure. Compaction at 1960 MPa achieved a density of 7.84 Mg/m 3 . The ejection force exhibited its peak at about 600 MPa, then decreased with the increase in the compacting pressure. Above 800 MPa, the ejection force was kept constant at low value of about 5 MPa. This behavior was similar to that of iron powder. 9) These results indicate that powder magnetic cores with very high green densities, named HDMC, can be easily fabricated without scoring by the developed WC-DWL method. Figure 2 shows the effect of green density on TRS of HDMC. The TRS of compacted HDMC increased with the increase in the green density, reaching in the TRS up to 180 MPa at 7.84 Mg/m 3 . Heat treatment at 673 K elicited a 30-50% augmentation of the TRS. It is to be noted that the TRS of HDMC with heat treatment increased exponentially up to 7.6 Mg/m 3 . The TRS at 1176 MPa (d ¼ 7:77 Mg/m 3 ) was about 210 MPa. These results indicate that the TRS was improved by increasing the green density, and that the addition of resin was not essential in order to increase TRS. The increase of the TRS by heat treatment is considered to be a result of partial sintering, because the particles were extremely close due to the very high green density. As a result of the high TRS, the fatigue limit in the green compact was observed to be very similar to the fatigue limit of sintered materials. The relationship between the maximum stress in the bending fatigue strength ( max ) and the TRS is as follows: Figure 3 shows the effect of green density on B 10k of the ascompacted HDMC. B 10k increased linearly with the green density. This result indicates that the B 10k mainly depends on the green density. B 10k at 1960 MPa (d ¼ 7:84 Mg/m 3 ) achieved 1.84 T, which is as large as that of magnetic iron. This value was a limitation of the B 10k in the powder magnetic core of the iron system considering the green density. Figure 4 shows the effect of green density on B 2k of HDMC. The B 2k also increased with the increase of density. Furthermore, the heat treatment elicited about an 0.1 T augmentation of B 2k above 7.6 Mg/m 3 . Below 7.5 Mg/m 3 , however, B 2k was hardly increased by the heat treatment. This result indicates that a density of above 7.6 Mg/m 3 is one of the essential factors necessary to improve the magnetic flux density in a low magnetic field. 1000, respectively. The magnetic flux density above 5 kA/m was as large as that of magnetic iron and laminated steel (e.g. B 5k ¼ 1:61 T and B 10k ¼ 1:80 T). Figure 6 shows an optical photograph and a TEM photograph of HDMC in Fig. 5 . A dense microstructure, which corresponds to the high green density and magnetic flux density, is observed. The thickness of the insulator at the grain boundary is about 20 nm. Figure 7 shows relationship between the hysteresis loss (B max ¼ 1:0 T) per one cycle and the green density of HDMC. The P h decreased with an increase in the green density. An increase in the permeability, which resulted by increasing the green density, caused a decrease of the P h . The P h was reduced to about 90% by a heat treatment at 673 K because the heat treatment improved the permeability by removing the strain. On the other hand, b H c of those ascompacted and with heat treatment at 673 K were 360 A/m and 300 A/m, respectively, regardless of the green density. Figure 8 shows the effect of green density on the resistivity of HDMC. The resistivity of as-compacted HDMC was in the range of 20 to 10 mm, and decreased with an increase in the green density. The resistivity was smaller than that of an ordinary powder magnetic core. The resistivity reduced rapidly above 7.7 Mg/m 3 . This was the reason that the insulator was broken and the uncovered surface on the particles was contacted by a high compacting pressure. Furthermore, the resistivity was reduced to about 50% by a heat treatment at 673 K. This result indicates that a part of the insulator was broken at 673 K.
From the above results, TRS and the magnetic properties of HDMC were improved by an increase in the green density. On the other hand, the green density tended to be saturated above 1200 MPa. Furthermore, a high compacting pressure is undesirable when taking into account the lifetime of compaction apparatus. Therefore, the magnetic properties of HDMC compacted at 1176 MPa (d ¼ 7:77 Mg/m 3 ) were investigated in detail. Figure 9 shows the relationship between iron loss (B max ¼ 1:0 T) per one cycle (¼ P c =f ) of HDMC at 1176 MPa and frequency (f). The P c =f is exhibited as a direct function of f. This result indicates that the relationship between P c =f and f is as follows:
The intercept of the line () gave the value of P h , then the increments () showed the value of P e . This relationship was the same as those of magnetic iron and laminated steel. Insulator 100 nm µ 100 m 
Properties of High Density Magnetic Composite (HDMC) by Warm Compaction Using Die Wall Lubrication
HDMC with a heat treatment had a larger P c than that of ascompacted above 100 Hz due to the low resistivity (cf. Fig. 8 ).
The predominant loss of HDMC with heat treatment was P e above 400 Hz. Figure 10 shows the hysteresis loops of HDMC at 1176 MPa with a heat treatment at 50 and 400 Hz. The loop at 50 Hz was similar to that at DC. In the case of 400 Hz, however, the loop changed to a round figure due to an increase of P e . The loss of the HDMC at 400 Hz was P c ¼ 900 kW/m 3 , P h ¼ 350 kW/m 3 and P e ¼ 550 kW/m 3 .
Conclusions
HDMC, which has a very high green density and magnetic flux density, can be fabricated by a newly developed WC-DWL without admixed lubricant/resin. In this instance the starting powder was Somaloy500 without resin, and the properties of HDMC were investigated in detail.
(1) The properties of HDMC (TRS, magnetic flux density and hysteresis loss) were improved with an increase in the green density. Specifically, above 7.6 Mg/cm 3 , TRS and B 2k increased exponentially. (2) TRS increased with an increase in the green density, and was achieved above 200 MPa. The bending fatigue strength and fatigue limit of the powder magnetic cores were first measured. The relationship between max and TRS was max ¼ 0:75 Á TRS. 
